Human immunodeficiency virus type 1 (HIV-1) entry into target cells involves sequential binding of the gp120 exterior envelope glycoprotein to CD4 and to specific chemokine receptors. Soluble CD4 (sCD4) is thought to mimic membrane-anchored CD4, and its binding alters the conformation of the HIV-1 envelope glycoproteins. Two cross-competing monoclonal antibodies, 17b and CG10, that recognize CD4-inducible gp120 epitopes and that block gp120-chemokine receptor binding were used to investigate the nature and functional significance of gp120 conformational changes initiated by CD4 binding. Envelope glycoproteins derived from both T-cell line-adapted and primary HIV-1 isolates exhibited increased binding of the 17b antibody in the presence of sCD4. CD4-induced exposure of the 17b epitope on the oligomeric envelope glycoprotein complex occurred over a wide range of temperatures and involved movement of the gp120 V1/V2 variable loops. Amino acid changes that reduced the efficiency of 17b epitope exposure following CD4 binding invariably compromised the ability of the HIV-1 envelope glycoproteins to form syncytia or to support virus entry. Comparison of the CD4 dependence and neutralization efficiencies of the 17b and CG10 antibodies suggested that the epitopes for these antibodies are minimally accessible following attachment of gp120 to cell surface CD4. These results underscore the functional importance of these CD4-induced changes in gp120 conformation and illustrate viral strategies for sequestering chemokine receptor-binding regions from the humoral immune response.
Human immunodeficiency virus type 1 (HIV-1) entry into target cells involves sequential binding of the gp120 exterior envelope glycoprotein to CD4 and to specific chemokine receptors. Soluble CD4 (sCD4) is thought to mimic membrane-anchored CD4, and its binding alters the conformation of the HIV-1 envelope glycoproteins. Two cross-competing monoclonal antibodies, 17b and CG10, that recognize CD4-inducible gp120 epitopes and that block gp120-chemokine receptor binding were used to investigate the nature and functional significance of gp120 conformational changes initiated by CD4 binding. Envelope glycoproteins derived from both T-cell line-adapted and primary HIV-1 isolates exhibited increased binding of the 17b antibody in the presence of sCD4. CD4-induced exposure of the 17b epitope on the oligomeric envelope glycoprotein complex occurred over a wide range of temperatures and involved movement of the gp120 V1/V2 variable loops. Amino acid changes that reduced the efficiency of 17b epitope exposure following CD4 binding invariably compromised the ability of the HIV-1 envelope glycoproteins to form syncytia or to support virus entry. Comparison of the CD4 dependence and neutralization efficiencies of the 17b and CG10 antibodies suggested that the epitopes for these antibodies are minimally accessible following attachment of gp120 to cell surface CD4. These results underscore the functional importance of these CD4-induced changes in gp120 conformation and illustrate viral strategies for sequestering chemokine receptor-binding regions from the humoral immune response.
Human immunodeficiency virus type 1 (HIV-1), the etiologic agent of AIDS (6, 26, 49) , infects cells that express CD4 and particular chemokine receptor molecules, which serve as coreceptors for the virus (1, 12, 14, 16, 18, 19, 28, 31, 59) . The initial attachment of HIV-1 to target cells occurs via specific binding of the HIV-1 surface glycoprotein gp120 to CD4 (36, 38, 39, 42) , creating a high-affinity binding site for the CCR5 chemokine receptor (73) . Receptor binding facilitates fusion of the virus and cell membranes by an unknown mechanism. The fusion event probably involves insertion of the hydrophobic amino-terminal fusion peptide of the HIV-1 transmembrane protein, gp41, into the target cell membrane (7, 24, 25, 33) . The core structure of gp41 has been solved; it exhibits a striking similarity to the low-pH-induced (fusion-active) conformation of influenza virus hemagglutinin HA 2 , which also possesses an amino-terminal fusion peptide thought to interact with target cell membranes (11, 70) . In the native HIV-1 envelope glycoprotein complex, the gp41 fusion peptide, like most of the gp41 ectodomain, is not accessible to antibodies (5, 17, 25, 55) . It is therefore likely that, as has been documented for the influenza virus HA 2 protein, conformational changes in the HIV-1 envelope glycoproteins are required to allow exposure of the fusion peptide (25) . While viral endocytosis and a decreased pH trigger these conformational changes in the influenza virus hemagglutinin (9, 61 ; reviewed in reference 71), the ability of the HIV-1 envelope glycoproteins to mediate virus entry at the plasma membrane and to cause cell-cell fusion (syncytium formation) suggests that HIV-1-induced membrane fusion does not require a drop in pH (36) (37) (38) .
It is likely that conformational changes in the HIV-1 envelope glycoproteins are induced by binding to both CD4 and the chemokine receptors. While there is no information on the effects of chemokine receptor binding on the HIV-1 envelope glycoproteins, soluble CD4 (sCD4) binding has been shown to initiate changes in envelope glycoprotein conformation (2-4, 15, 45, 52, 54, 55) . The binding of sCD4 to the envelope glycoprotein complexes of particular HIV-1 strains results in dissociation of gp120 from the gp41 glycoprotein (23, 29, 42, 44, 45, 66, 72) . Some of the variable loops (V1/V2 and V3) on the HIV-1 gp120 glycoprotein change conformation or become more exposed upon sCD4 binding (8, 52, 54, 72, 74) . Movement of the V1/V2 loops results in the exposure of conserved, discontinuous structures on the HIV-1 gp120 glycoprotein recognized by the 17b and 48d monoclonal antibodies (67, 74) . Another monoclonal antibody, CG10, recognizes gp120-sCD4 complexes, but neither gp120 nor sCD4 alone, suggesting the creation or improved exposure of the antibody epitope upon formation of the ligand-receptor complex (27) .
The functional relevance to the membrane fusion process of the sCD4-induced changes in HIV-1 envelope glycoprotein structure is uncertain. That at least some of the sCD4-mediated conformational changes are functionally important is suggested by the observation that some primary patient HIV-1 isolates as well as HIV-2 and simian immunodeficiency virus isolates exhibit increases in either virus entry or syncytium formation in the presence of sCD4 (2, 3, 13, 57, 63) . Conformational changes relevant to envelope glycoprotein-mediated membrane fusion would be expected to exhibit the following features: (i) all HIV-1 strains demonstrate the changes, (ii) amino acid substitutions in the envelope glycoproteins or CD4 that compromise the conformational change result in decreases in virus entry or syncytium formation, and (iii) inhibitors of the conformational change likewise interfere with the function of the envelope glycoproteins.
In this study, we investigated the potential functional relevance of the CD4-induced exposure of the gp120 epitope for the 17b monoclonal antibody. The probable importance of this conformational change is implied by the conserved nature of the 17b epitope among HIV-1 strains, by the ability of the 17b antibody to interfere with the chemokine receptor interaction in in vitro binding assays, and by the neutralizing activity of the antibody against T-cell line-adapted (TCLA) HIV-1 strains (53, 67, 73) . Here we examine the induction of the 17b epitope on different HIV-1 strains by sCD4 and investigate the structural basis and temperature dependence of this induction in the context of the intact oligomeric envelope glycoprotein complex. Amino acid changes in the gp120 glycoprotein that partially attenuate the induction of the 17b epitope without affecting CD4 binding are identified, and the effects of these changes on HIV-1 envelope glycoprotein function are examined. Finally, we compare the virus-neutralizing abilities of the 17b antibody and another antibody, CG10, that competes with 17b for binding to gp120-sCD4 complexes but does not recognize gp120 in the absence of CD4. These studies provide insights into antibody accessibility to the chemokine receptorinteractive moieties on the functional HIV-1 envelope glycoprotein complex.
MATERIALS AND METHODS
Antibodies and sCD4. Human monoclonal antibody (HMAb) 17b was derived by Epstein-Barr virus (EBV) transformation of peripheral blood B cells obtained from an asymptomatic HIV-1-infected patient by using a previously described protocol (51) . This was the same patient (N70) from whom several other HMAbs had been derived previously (51) . These included HMAbs 19b to the V3 loop (58) and 15e to the CD4 binding region (34) . Freshly prepared peripheral blood mononuclear cells were exposed to EBV and plated at low cell density (approximately 10 4 cells per well) in microtiter plates containing irradiated cord blood lymphocytes as feeder cells (51) . Screening was performed for antibodies reactive with concanavalin A-captured gp120 from strain J62. Because the EBV-transformed cell line producing the 17b antibody grew poorly, we constructed a hybridoma by fusing the cells with a mouse-human fusion partner (HMMA), which was developed and kindly provided by Marshall Posner (50) . sCD4 was a gift from Raymond Sweet, SmithKline Beecham. MIP-1␤ was obtained from R & D Systems, Minneapolis, Minn.
Cells and cell lines. COS-1 cells were grown in Dulbecco's modified Eagle medium containing 10% fetal bovine serum (FBS). The T-cell lines Molt 4 clone 8, Jurkat, and SupT1 were maintained in RPMI 1640 medium containing 10% FBS. Peripheral blood mononuclear cells were purified over a Ficoll gradient and stimulated with phytohemagglutinin at 1 g/ml. Forty-eight hours later, the cells were activated and maintained in RPMI 1640 medium containing 10% FBS and 20 U of interleukin-2 per ml.
Plasmids for envelope glycoprotein and sCD4 expression. Plasmid pSVIIIenv, expressing the HIV-1 envelope glycoproteins from the HXBc2 isolate, has been described previously (32) . The YU2 molecular clone was a gift from the AIDS Research and Reference Reagent Program (source, Beatrice Hahn). The YU2 envelope glycoprotein expression plasmid was made by introducing a BamHI site into the envelope gene by PCR and substituting the KpnI (6347)-BamHI (8475) fragment of plasmid pSVIIIenv with the amplified fragment as described previously (63) . Amino acid changes were introduced into the HXBc2 envelope glycoprotein by site-directed mutagenesis, following the method of Kunkel, as previously described (7) .
Envelope glycoprotein expression. COS-1 cells were transfected by the DEAEdextran method with pSVIIIenv DNA expressing envelope glycoproteins as described previously (7) . To measure envelope protein expression at the cell surface, cells were radiolabeled with [ 35 S]cysteine overnight. The cells were washed once with phosphate-buffered saline (PBS) containing 2% FBS and incubated for 90 min with an excess of a mixture of sera derived from HIV-1-infected individuals. Unbound patient serum was removed, the cells were washed four times with PBS containing 2% FBS and lysed in 0.75 ml of Nonidet P-40 (NP-40) buffer (0.5% NP-40, 0.5 M NaCl, 10 mM Tris HCl [pH 7.5]), and antiserum-gp120 complexes were precipitated on protein A-Sepharose. The amount of radiolabeled HIV-1 envelope glycoproteins bound to serum antibodies was measured by densitometric analysis of autoradiograms from sodium dodecyl sulfate (SDS)-polyacrylamide gels after SDS-polyacrylamide gel electrophoresis (PAGE). sCD4 binding assay. To measure the CD4 binding ability of envelope glycoproteins, envelope-transfected COS-1 cells were metabolically labeled with [ 35 S]cysteine overnight. The radioactive supernatant was removed; the cells were washed with PBS containing 2% FBS and incubated with sCD4, at various concentrations, in 1 ml of PBS for 90 min at room temperature. The cells were washed four times with ice-cold PBS containing 2% FBS and lysed in 0.75 ml of NP-40 buffer, and the sCD4-gp120 complexes were immunoprecipitated with the OKT4 anti-CD4 antibody (Ortho Diagnostics). The amount of radiolabeled HIV-1 envelope glycoproteins bound to sCD4 was measured by densitometric analysis of autoradiograms from SDS-polyacrylamide gels.
Binding of 17b antibody to transfected COS-1 cells. 17b binding to cell surface-expressed HIV-1 envelope glycoproteins was measured in two ways. In the first method, COS-1 cells expressing HIV-1 envelope glycoproteins were radiolabeled with [ 35 S]cysteine. Radioactive medium was removed, and the cells were washed with PBS containing 2% FBS (PBS-FBS). The cells were incubated with PBS containing 17b (5 g/ml) or 17b plus sCD4 (1 g/ml) for 90 min at room temperature. The cells were washed four times with PBS-FBS, and the cells were lysed in 0.75 ml of NP-40 buffer. The 17b-envelope glycoprotein complexes were precipitated by using protein A-Sepharose and quantitated by densitometry of SDS-polyacrylamide gels.
In the second method, hybridoma cells producing the 17b antibody were metabolically labeled with [ 35 S]methionine and [ 35 S]cysteine. Radiolabeled supernatants were incubated with COS-1 cells expressing the HIV-1 envelope glycoproteins as described above. The cells were washed and lysed as described above. The bound radiolabeled 17b antibody was detected by incubation of the cell lysates with protein A-Sepharose and analyzed as described above.
Envelope complementation and virus neutralization assay. Complementation of a single round of replication of the env-deficient chloramphenicol acetyltransferase (CAT)-expressing provirus by the various envelope glycoproteins was performed as described previously (7, 32) . To inhibit viral replication, monoclonal antibody was incubated with recombinant virus for 90 min at 37°C before addition of the virus to target lymphocytes (Molt 4 clone 8, Jurkat, or SupT1). Three days after infection, the target cells were lysed and CAT activity was measured as described previously. The standard deviation in this assay was experimentally determined and was less than 10% of the mean (data not shown).
Enzyme-linked immunosorbent assay (ELISA) determination of the effects of gp120 amino acid changes on CG10 antibody recognition. A previously described panel of HIV-1 envelope glycoprotein mutants (69) was used to assess the effects of gp120 amino acid changes on recognition of gp120-CD4 complexes by the CG10 antibody.
COS-1 cells were transfected with 10 g of pSVIIIenv DNA expressing wildtype or mutant HXBc2 envelope glycoproteins and a Tat-expressing plasmid, pSVTat. Seventy-two hours after transfection, cell supernatants were collected and frozen. For analysis of antibody recognition, various amounts of the supernatants (1 to 100 l), supplemented with Tris-buffered saline-10% fetal calf serum to a total volume of 100 l, were incubated in wells of Immulon II ELISA plates (Dynatech, Ltd.) coated with sheep antibody D7324 (Aalto BioReagents, Dublin, Ireland) to the carboxyl-terminal 15 amino acids of gp120.
The CD4 binding ability of the captured mutant glycoproteins was determined by incubating CD4-immunoglobulin G (IgG) (Genentech), diluted in Tris-buffered saline containing 2% nonfat milk powder and 20% sheep serum (TMSS buffer) at a concentration of 0.5 g/ml, with the captured gp120 glycoproteins, followed by detection with alkaline phosphate-conjugated goat anti-human immunoglobulin (Accurate Chemicals, Westbury, N.Y.) and the AMPAK system (Dako Diagnostics).
To study the effects of gp120 amino acid changes on the ability of the CG10 antibody to recognize the gp120-CD4 complex, CD4-IgG at a final concentration of 0.5 g/ml and CG10 at a final concentration of 2 g/ml were incubated in TMSS buffer with the captured gp120 glycoproteins, followed by detection with alkaline phosphatase-conjugated goat anti-human IgG (Accurate Chemicals) and the AMPAK amplification system (Dako Diagnostics).
To determine the specific binding of the CG10 antibody to each mutant gp120 glycoprotein, the ratio of the binding of the CG10 antibody in the presence of CD4-IgG to that of CD4-IgG alone was calculated for each mutant. The average ratio for the entire panel of mutants was calculated, and any individual ratio deviating from the mean by less than 0.5 times was considered an indication of decreased gp120 recognition by the CG10 antibody, independent of effects of the amino acid change on CD4 binding. Likewise, those individual ratios deviating from the mean by more than 1.5 times were considered indications of gp120 residue changes that specifically increased CG10 recognition. Wells containing each mutant envelope glycoprotein were tested in triplicate, and mutants that exhibited binding ratios 0.5 times below or 1.5 times above the mean ratio in duplicate experiments are reported.
Analysis of HMAb competition for CG10 antibody binding. Antigen capture ELISA was used for these studies. Briefly, BH10 gp120 was captured onto plastic (Immulon 2 Microplates; Dynatech), using the sheep antibody D7324 to the gp120 C terminus (Aalto BioReagents). Competitor HMAbs were added at 10 g/ml for 15 min in a volume of 50 l of TMSS buffer. Then sCD4 in 10 l of TMSS buffer was added to a final concentration of 1 g/ml. After incubation for 1 h, the bound CG10 antibody was detected by an alkaline phosphatase-conjugated rabbit anti-mouse immunoglobulin antibody and the AMPAK system (Dako Diagnostics). Wells without gp120 and without sCD4 were used as controls. The mean and standard deviation of the optical density from triplicate ELISA wells were calculated, and the data reported are typical of results obtained in three similar experiments.
Induction of CG10 epitope by human sCD4 or rat-human sCD4 chimeras. H9 cells were infected with the TCLA Hx10 clone of HIV-1 as previously described (53) . Approximately 5 ϫ 10 5 infected H9 cells were then incubated for 2 h at 4°C with 10 g of human sCD4 or chimeric rat-human sCD4 per ml. The human sCD4 and human-rat sCD4 chimeras were obtained from J. Simon (The Sir William Dunn School of Pathology, Oxford, England) as protein purified from transfected CHO supernatants, as previously described (56) . Under these saturating conditions, similar levels of binding were achieved for all forms of sCD4 as demonstrated by indirect immunofluorescent staining with the rat CD4/D4-specific monoclonal antibody OX71 (data not shown). The cells were washed twice in PBS-1% fetal calf serum-0.02% sodium azide and then incubated for 1 h at 4°C with serial dilutions of CG10. After washing, the cells were labeled with anti-mouse phycoerythrin (Immunotech, Marseille, France) for 30 min at 4°C, then washed a final time, and analyzed for fluorescence by using a FACScan with Lysis II software (Becton Dickinson, Mountain View, Calif.). Each point represents the mean of duplicate samples of 10,000 accumulated events gated on forward-and side-angle light scatter. Background staining represented by the signal obtained with the phycoerythrin-conjugated antibody alone was subtracted from the signal obtained in the presence of the primary antibody.
RESULTS
Binding of the 17b antibody to envelope glycoproteins of TCLA and primary HIV-1 isolates. The induction of 17b binding to monomeric gp120 glycoprotein from a TCLA HIV-1 isolate (HXBc2) by sCD4 has been previously studied (67) . The neutralizing activity of sCD4 and monoclonal antibodies is best predicted by studies that examine binding of these ligands to gp120 oligomers present on virions or cell surfaces (22, 40, 53, 63) . Therefore, we examined the ability of sCD4 to induce the exposure of the 17b epitope on envelope glycoproteins expressed on the surface of COS-1 cells. Two methods were used to estimate sCD4-induced 17b binding to envelope glycoproteins expressed on cell surfaces. In Fig. 1A , purified 17b monoclonal antibody was bound to metabolically labeled COS-1 cells expressing the HIV-1 envelope glycoproteins in the absence or presence of increasing concentrations of sCD4. In a separate experiment (Fig. 1B) , metabolically labeled 17b antibody from hybridoma supernatants was bound to unlabeled COS-1 cells expressing HIV-1 envelope glycoproteins. As was observed for gp120 monomers, the 17b antibody bound to the HXBc2 envelope glycoproteins in the absence of sCD4 but exhibited preferential binding when sCD4 was present. There was a dose-dependent increase in 17b binding in response to sCD4.
Phenotypic differences, including sCD4 or antibody binding and neutralization, exist between TCLA and primary macrophage-tropic HIV-1 (20, 21, 64, 65 ). Therefore, we tested the ability of sCD4 to induce the 17b conformational change on the envelope glycoproteins of one primary dualtropic (89.6) and two macrophagetropic (ADA and YU2) HIV-1 isolates. Figure 1 shows that sCD4 induced a dose-dependent increase in 17b binding to the envelope glycoproteins of all the isolates examined.
The YU2 envelope glycoproteins consistently exhibited lower induction of 17b binding than the other isolates tested. The binding of sCD4 to the oligomeric envelope glycoproteins of primary HIV-1 isolates is typically lower than that to TCLA isolates (42, 43, 48, 63) . Since induction of 17b binding is a function of sCD4 binding, we tested the hypothesis that a reduced affinity of the YU2 envelope glycoproteins for sCD4 might explain the lower induction of 17b binding for this isolate. Different concentrations of sCD4 were incubated with the labeled HXBc2 and YU2 envelope glycoproteins expressed on the surface of COS-1 cells, and sCD4-gp120 complexes were precipitated from cell lysates with the OKT4 anti-CD4 antibody. As shown in Fig. 2 , the YU2 envelope glycoproteins bound sCD4 less efficiently than the HXBc2 envelope glycoproteins, consistent with previous results (63) . The apparent decrease in sCD4 binding to the HXBc2 envelope glycoproteins at the highest sCD4 concentration is due to sCD4-induced dissociation of the gp120 glycoprotein from the envelope glycoprotein complex (data not shown).
The experiments described above demonstrate that the sCD4-induced conformational change resulting in exposure of Temperature dependence of 17b binding and induction by sCD4. Membrane fusion mediated by the HIV-1 envelope glycoproteins is a temperature-dependent process (10) . The rate of formation of syncytia between HIV-1 envelope glycoprotein-expressing cells and CD4-positive cells increases with temperature, up to 45°C. It has been proposed (30) that the envelope glycoproteins undergo a transition to activation intermediates after preincubation of envelope glycoproteinexpressing cells at 16°C.
We analyzed the temperature dependence of 17b binding to HIV-1 envelope glycoproteins expressed on the surface of COS-1 cells, in the absence and presence of sCD4. The levels of binding of the 17b antibody to the HXBc2 envelope glycoproteins in the absence of sCD4 were approximately equivalent at 4, 16, 22, and 37°C (data not shown). The levels of sCD4-induced increases in 17b binding were also similar at the four temperatures tested, demonstrating that the CD4-induced structural changes in the HIV-1 envelope glycoproteins associated with exposure of the 17b epitope are permitted over a wide temperature range.
Contribution of the V1/V2 variable loops to the exposure of the 17b epitope. Previous work has implicated the gp120 V1/V2 variable loops in determining the exposure of the 17b epitope on the monomeric HIV-1 gp120 glycoprotein (74) . The V1/V2 deletion (⌬128-194) includes residues 128 to 194, as previously described (74) . A deletion of the V1/V2 loops led to a level of 17b epitope exposure equivalent to that observed for the wild-type gp120 glycoprotein in the presence of sCD4. Exposure of the 17b epitope on the V1/V2-deleted gp120 monomer was not increased further by sCD4 binding. These results suggested that, at least on the gp120 monomer, most of the effect of sCD4 binding on 17b epitope exposure could be explained by a CD4-induced movement of the V1/V2 loops.
We wished to determine the effect of deletion of the V1/V2 loops on the exposure and sCD4 inducibility of the 17b epitope in the context of the native envelope glycoprotein oligomer. Therefore, wild-type and V1/V2-deleted (⌬128-194) envelope glycoproteins of the HXBc2 and YU2 HIV-1 isolates were expressed on the surface of COS-1 cells, and the binding of the 17b antibody in the absence or presence of sCD4 was measured. In the absence of sCD4, both HXBc2 and YU2 envelope glycoproteins containing the ⌬128-194 deletion exhibited increased recognition by the 17b antibody, compared with the wild-type glycoproteins (Fig. 3) . The binding of the 17b antibody to the ⌬128-194 envelope glycoproteins exceeded the level of 17b binding to wild-type glycoproteins incubated with sCD4. The V1/V2-deleted envelope glycoproteins exhibited only a modest induction of 17b binding by sCD4. The induction ratio between wild-type and V1/V2-deleted glycoproteins was significantly different for the HXBc2 (P Ͻ 0.001) but not for the YU2 proteins. These experiments demonstrate that either sCD4 binding or deletion of the V1/V2 loops exposes the 17b epitope on the oligomeric envelope glycoproteins. These results are consistent with a model in which CD4 binding results in a movement of the V1/V2 loops from a position in which the 17b epitope is partially masked. These results also show that the gp120 structures involved in the CD4-induced conformational change relevant to 17b epitope exposure are similar for both a T-cell line and primary HIV-1 isolate.
Effect of single gp120 amino acid changes on exposure of the 17b epitope. The hypothesis that sCD4-induced exposure of the 17b epitope is relevant to receptor-activated membrane fusion predicts that amino acid changes in the viral envelope glycoproteins that diminish the conformational change detected by the 17b antibody will also decrease envelope glycoprotein function. To test this, we expressed a panel of HXBc2 envelope glycoproteins containing single or double amino acid modifications (67) on the surface of COS-1 cells and assessed 17b antibody binding to the envelope glycoproteins in the absence or presence of sCD4. The function of each of these envelope glycoproteins in mediating the formation of syncytia and in supporting HIV-1 entry was examined. The efficiency with which sCD4-induced exposure of the 17b epitope, syncy-FIG. 2. Binding of sCD4 to HIV-1 envelope glycoproteins. COS-1 cells were transfected with plasmids expressing either the HXBc2 or YU2 envelope glycoproteins and metabolically labeled. Soluble CD4 was bound at room temperature for 90 min, and the amount of sCD4 bound was determined by immunoprecipitation of the sCD4-envelope glycoprotein complexes with the OKT4 anti-CD4 antibody. Data were normalized for the cell surface expression of each envelope glycoprotein as described in the legend to Fig. 1.   FIG. 3 . Binding of the 17b antibody to HIV-1 envelope glycoproteins containing deletions in the V1/V2 loops. COS-1 cells were transfected with plasmids expressing either wild-type (WT) or V1/V2-deleted HXBc2 envelope glycoproteins and incubated at room temperature for 90 min with metabolically labeled 17b antibody in the absence (shaded bars) or presence (black bars) of sCD4 (1 g/ml). Unbound antibody was removed, and the amount of 17b antibody bound was determined by precipitation with protein A-Sepharose and quantitation by SDS-PAGE. Cell surface expression levels of the wild-type and V1/V2-deleted envelope glycoproteins were equivalent. Data represent the average of three experiments and for each isolate are normalized to the level of 17b binding to the wild-type envelope glycoproteins in the absence of sCD4.
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tium-forming ability, and function in virus entry for each mutant envelope glycoprotein is shown in Table 1 and Fig. 4 . Several mutant envelope glycoproteins with changes in the V1/V2 or V3 gp120 loops exhibited decreases in the efficiency with which the 17b epitope was exposed following incubation with sCD4. sCD4 binding to these mutant glycoproteins expressed on the surface of COS-1 cells was at least 80% of wild-type binding (data not shown). Invariably, these mutants exhibited decreases in the ability to form syncytia or to support virus entry compared with the wild-type HIV-1 envelope glycoproteins. One mutant (181 I/M) exhibited a modest decrease in the efficiency of 17b induction following sCD4 incubation but supported virus entry at least as well as the wild-type envelope glycoprotein. The syncytium-forming ability of the 181 I/M mutant, however, was reduced compared with that of the wild-type envelope glycoproteins. It is possible that the structure of this mutant envelope glycoprotein differs on the cell surface from that on the virion surface or that the consequences of this change differ in these two contexts. Some mutant envelope glycoproteins that exhibited reduced function in syncytium formation or virus entry assays exposed the 17b epitope in response to sCD4 equivalently to, or more efficiently than, the wild-type envelope glycoproteins. These mutant envelope glycoproteins may have defects that influence their ability to mediate fusion unrelated to exposure of the 17b epitope. Overall, these results support the hypothesis that HIV-1 envelope glycoproteins that inefficiently undergo the CD4-induced structural modification associated with 17b epitope exposure are less fusion competent.
Characterization of the epitope for the CG10 monoclonal antibody. The CG10 monoclonal antibody was raised by immunization with the HIV-1 gp120 glycoprotein from the T-cell line-tropic IIIB strain complexed with sCD4. The CG10 antibody recognizes neither gp120 nor sCD4 alone, but only the gp120-sCD4 complex (27, 35) . This finding suggests that the CG10 antibody recognizes either a neoepitope created by the binding of gp120 and CD4 or an epitope on gp120 or CD4 that is exposed or induced only in the presence of the other ligand. To determine whether the CG10 antibody recognized a conserved epitope, the gp120 glycoproteins from seven clade B primary HIV-1 isolates (source, Steve Wolinsky) were incubated with sCD4 and tested for recognition by the CG10 antibody. All seven gp120-sCD4 complexes were recognized with identical affinity by the CG10 antibody (data not shown), indicating that the antibody epitope represents a well-conserved structure. Similar results were obtained for cells infected with HIV-1 isolates from clades A, B, and D (data not shown), demonstrating that this CG10 epitope is also recognized in the oligomeric form of the envelope glycoproteins.
We examined whether the binding of the CG10 antibody to gp120-sCD4 complexes captured on an ELISA plate would be competed by other antibodies directed against the gp120 glycoproteins. As shown in Table 2 , the efficient binding of the CG10 antibody to gp120 captured in this manner was dependent on the presence of sCD4, as expected. An antibody, 15e, directed against the gp120 CD4 binding site, decreased CG10 binding, probably by disrupting gp120-sCD4 complexes. Both the 17b antibody and the 48d antibody, which recognizes an epitope proximal to that of 17b, efficiently competed for CG10 binding to the gp120-sCD4 complex. Interestingly, the A32 antibody, the binding of which has been shown to increase the binding of the 17b and 48d antibodies to the gp120 glycoprotein (47) , also enhanced the binding of the CG10 antibody to gp120-sCD4 complexes. The A32 antibody did not enhance CG10 antibody binding to the gp120 glycoprotein in the absence of sCD4 (data not shown). Other antibodies directed against gp120 (C11, 2G12, and 212A) did not affect the binding of the CG10 antibody. These results indicate that the CG10 and 17b antibodies bind to overlapping structures on the a 17b induction is the ratio of 17b bound in the presence of sCD4 (1 g/ml) to 17b binding in the absence of sCD4. Syncytium-forming ability was determined by cocultivation of envelope glycoprotein-expressing COS-1 cells with CD4 antibody. We confirmed that these mutant envelope glycoproteins bound CD4-IgG inefficiently (data not shown), suggesting that the effect of these gp120 amino acid changes on CG10 binding resulted from poor CD4 binding. The CG10 antibody bound to gp120 glycoproteins containing deletions of the V1/V2 loops and of the V3 loop (⌬128-194 and ⌬298-327, respectively), indicating that the major gp120 variable loops are not necessary for the formation of the CG10 epitope. While the CG10 antibody recognized a complex of CD4-IgG and a gp120 glycoprotein lacking the V1/V2 loops (⌬128-194), the antibody did not bind to a complex of CD4-IgG and a gp120 mutant lacking the entire V1/V2 stem-loop structure (⌬119-205) ( Table 3 ). The latter mutant efficiently binds CD4 (74) but is recognized inefficiently by the 17b and 48d antibodies. Other amino acid changes, 314 G/W (affecting the V3 loop) and 432 K/A (affecting the fourth conserved [C4] region of gp120), resulted in decreased recognition by the CG10 antibody, although CD4 binding was similar to that of the wildtype gp120 glycoproteins. Finally, a few mutants (⌬298-327, 384 Y/G, 298 R/A and 435 Y/S) displayed increases in CG10 binding, relative to that seen for the wild-type glycoprotein.
Contribution of CD4 and gp120 to the CG10 epitope. To examine the potential contribution of CD4 structures to the CG10 epitope, Hx10-infected H9 cells were pretreated with saturating concentrations of human sCD4 or rat-human sCD4 chimeras before the addition of the CG10 antibody. The chimera M6 is full-length rat CD4 with a substitution of human CD4 amino acid residues 33 to 62. This substitution allowed the chimeric CD4 protein to bind gp120 (60) . The M11 chimera contains an additional substitution of human amino acids 80 to 95, which specify the CDR-3-like loop of CD4, and binds gp120 with an affinity similar to that of M6. The CG10 antibody bound equivalently to envelope glycoprotein-expressing cells incubated with all three sCD4 molecules (Fig. 5) . Thus, the only human CD4 region required for induction of the CG10 epitope is the CDR-2-like loop. Therefore, any CD4 component of the CG10 epitope must either reside within the CDR2-like loop or be conserved between human and rat CD4.
To study the CG10 epitope further, we compared the exposure of the CG10 epitope by human sCD4 on gp120 from different viral origins: the Hx10 and MN strains of HIV-1 and the HIV-2 isolate LAV-2. The CG10 antibody efficiently recognized cells expressing the HIV-1 envelope glycoproteins but did not appreciably bind cells expressing the HIV-2 glycoproteins (Fig. 6A) . Similar levels of sCD4 binding were observed for each type of Env expressed on the infected cells (data not shown); thus, differences in CD4 binding did not account for the different CG10 binding observed.
To confirm this result with cell-associated CD4, we bound soluble gp120 and soluble gp105 from BH10 and LAV-2, respectively, to the CD4 ϩ T-cell line A3.01 and then examined the binding of the CG10 antibody to these cells. Despite the equivalent levels of Env bound to the cells, no binding of CG10 to LAV-2-carrying cells was detected, whereas strong CG10 binding was observed for BH10-coated cells (Fig. 6B) . The most likely reason for the lack of CG10 binding to the LAV-2 gp105-CD4 complex is that an important component of the CG10 epitope is not conserved on HIV-2 gp120. This result 
a Binding of the CG10 antibody to the BH10 gp120 glycoprotein was measured in an ELISA format. The gp120 glycoprotein was captured on ELISA plates with an antibody (D7324) that binds to the C terminus of gp120. Values expressed are means Ϯ standard deviations for replicate wells. HIV-1-neutralizing activity of the 17b and CG10 antibodies. We wished to examine the relationship between the binding of antibodies to the CD4-induced epitopes on gp120 and virusneutralizing activity. The 17b antibody has been shown to neutralize HIV-1, although the potency of this antibody is relatively low, requiring more than 30 g/ml to achieve 90% inhibition of TCLA HIV-1 entry (67). One possible explanation for this weak neutralizing activity is that the 17b epitope is poorly exposed on the envelope glycoproteins in their native configuration. Since sCD4 induces the exposure of the 17b epitope, we hypothesized that a subinhibitory concentration of sCD4 might enhance the binding of the 17b antibody to HIV-1 virions, thereby increasing the efficiency of neutralization. To test this, we used an env complementation assay to examine neutralization by the 17b antibody in the absence or presence of 0.3 g of sCD4 per ml, which alone exhibited no neutralizing activity (Fig. 7) . In the absence of sCD4, the 17b antibody neutralized virions containing the wild-type HXBc2 envelope glycoproteins with a 50% inhibitory concentration (IC 50 ) slightly greater than 10 g/ml. When the experiment was performed in the presence of 0.3 g of sCD4 per ml, the 17b antibody neutralized the virus with an IC 50 of 0.04 g/ml. These results indicate that sCD4, even at concentrations that are not neutralizing, can significantly increase the neutralizing capacity of the 17b antibody.
We wished to examine neutralization by the 17b antibody of viruses with envelope glycoproteins that exhibited changes in antibody recognition. We examined 17b antibody neutralization of viruses with the ⌬128-194 envelope glycoprotein, which lacks the V1/V2 loops and is recognized almost equivalently by the 17b antibody in the absence or presence of sCD4 (Fig. 7) . The virus with the ⌬128-194 envelope glycoprotein was neutralized more efficiently than the wild-type virus in the absence of sCD4 and did not become more sensitive to neutralization by the 17b antibody when sCD4 was present. We also examined inhibition of viruses containing mutant envelope glycoproteins that are recognized less efficiently by the 17b antibody. It has been reported that amino acid changes at gp120 residues 420 and 475 resulted in a marked reduction in recognition of monomeric envelope glycoproteins by the 17b antibody and allowed escape from neutralization by the 17b antibody (67) . Recognition of these envelope glycoproteins by the 17b antibody was partially restored by sCD4 binding (reference 67 and In parallel samples (closed symbols), viruses were incubated with both 17b or CG10 antibody and a subinhibitory concentration of sCD4 at 0.3 g/ml. In the absence of added antibody, CAT conversion was the same in the absence or presence of sCD4 (0.3 g/ml). Table 1 ). In the absence of sCD4, 17b antibody concentrations of up to 50 g/ml failed to neutralize viruses bearing envelope glycoproteins with the 420 I/R or 475 M/S change ( Fig. 7 and data not shown). However, addition of sCD4 at 0.3 g/ml allowed the 17b antibody to neutralize both viruses, with IC 50 values of less than 10 g of the 17b antibody per ml (Fig. 7 and data not shown).
For the wild-type and mutant glycoproteins examined, the efficiency of 17b antibody binding to the cell surface envelope glycoprotein complex was predictive of 17b neutralization, in both the absence and presence of sCD4 (not shown). These results provide evidence that the neutralization potential of the 17b antibody can be enhanced by CD4 binding, suggesting that accessibility of this epitope on the functional envelope glycoprotein complex can be increased by sCD4 in a manner not achieved upon virion binding to cell surface CD4.
To examine this issue further, we studied the neutralizing ability of the CG10 antibody in the absence and presence of subinhibitory sCD4 concentrations. As expected from the inability of the CG10 antibody to recognize the HIV-1 envelope glycoproteins in the absence of CD4, the CG10 antibody exhibited no neutralizing ability at concentrations of up to 50 g/ml. However, in the presence of sCD4 at 0.3 g/ml, the CG10 antibody neutralized the virus with the HXBc2 envelope glycoproteins with an IC 50 of less than 1 g of antibody per ml. Thus, the CG10 antibody can bind and neutralize the functional HIV-1 envelope glycoprotein complex in the presence of sCD4 even though it does not do so in the context of virion binding to cell surface CD4.
DISCUSSION
Quantitatively, the increased binding of the 17b antibody represents one of the most dramatic of the conformational changes in the HIV-1 gp120 glycoprotein induced by interaction with the CD4 receptor (54, 55, 67) . We show that this consequence of CD4 binding is a property of envelope glycoproteins from both TCLA and primary HIV-1 isolates and that the 17b antibody binds to native, oligomeric HIV-1 envelope glycoproteins more efficiently in the presence of sCD4. Deletion of the V1/V2 gp120 loops from the native envelope glycoprotein complex results in an increase of the 17b antibody bound, reaching a level equivalent to that seen for the wildtype glycoproteins in the presence of sCD4. Addition of sCD4 minimally affects the binding of the 17b antibody to the V1/ V2-deleted mutant. These observations support the model previously proposed (74) based on studies of the monomeric gp120 glycoprotein; i.e., sCD4 interaction with the HIV-1 envelope glycoproteins results in a movement of the V1/V2 loops, demasking the 17b epitope. The 17b epitope exposure occurs over a wide temperature range, consistent with a model in which the energy derived from CD4 binding is sufficient to drive the V1/V2 loops into a new conformation. In the wildtype envelope glycoproteins, this new conformation allows increased exposure of the 17b epitope; however, in a number of gp120 mutants in which the V2 or V3 loop is altered, the level of induction in 17b antibody binding is lower. Since the V2 and V3 loops are not absolutely essential for the integrity of the 17b epitope, the simplest explanation is that the altered conformation of the V2 and V3 loops does not allow complete demasking of the 17b epitope. Previous studies suggesting structural and functional interactions between V1/V2 and V3 gp120 loops support the possibility that either of these structures resides proximal to the 17b epitope and could, with rather minimal conformational shifts, restrict antibody access to this epitope (46, 47, 62 ).
While it is not possible to prove conclusively that a given conformational change in the HIV-1 envelope glycoproteins has functional significance, all of the available evidence supports an important functional role for exposure of the 17b epitope. The 17b antibody is neutralizing and has been shown to block the interaction of gp120-sCD4 complexes with chemokine receptors (68, 73) . The HIV-1 envelope glycoprotein mutants examined here that exhibit reductions in exposure of the 17b epitope invariably exhibit decreases in membrane fusion-related functions. A few of the envelope glycoprotein mutants exhibited decreases in function greater than might be expected based on the observed reductions in exposure of the 17b epitope, indicating that fusion-related processes other than 17b epitope exposure may be affected by these changes. It is possible, for example, that chemokine receptor interactive sites are altered by some of the amino acid changes.
There are a number of similarities between the CG10 antibody and the 17b antibody. Both antibodies block the interaction of gp120-CD4 complexes with chemokine receptors (73) . The 17b and related 48d antibodies compete with the CG10 antibody for binding gp120-sCD4 complexes. Both the 17b and CG10 epitopes are induced by binding of the A32 antibody, although in the case of CG10, such induction is evident only if sCD4 is also bound to the gp120 glycoprotein. The binding of both 17b and CG10 antibodies is not dependent on the presence of the V1/V2 loops but is dramatically affected by deletion of the V1/V2 stem. Furthermore, some changes in the C4 gp120 region, which has previously been implicated in interactions with the V2 and V3 loops (46, 47, 72) , alter 17b and CG10 binding independently of effects of the changes on CD4 binding. These results make it likely that both 17b and CG10 antibodies recognize closely related, conserved structures on the gp120 glycoprotein. The strict dependence of CG10 binding on CD4 suggests either that CG10 recognizes a gp120 element that is extremely well masked or not formed in the absence of bound CD4 or that one or more CD4 residues constitute a necessary component of the epitope.
In both the absence and presence of sCD4, a good correlation was observed between 17b antibody binding to mutant and wild-type HIV-1 envelope glycoprotein complexes expressed on the cell surface and the ability of the 17b antibody to neutralize virus. These results support a growing body of data that suggest that the HIV-1 envelope glycoproteins expressed on the cell surface reasonably represent those on virions (53) . The ability of subneutralizing concentrations of sCD4 to enhance the neutralizing ability of the 17b antibody suggests that increased binding of the 17b antibody to native HIV-1 envelope glycoproteins occurs more efficiently in the context of sCD4 binding compared with cell surface CD4 binding, or, if binding is equivalent, the neutralizing potency of the antibody is less in the latter context. The neutralization studies with the CG10 antibody, which recognizes a related but absolutely CD4-dependent epitope, support the existence of significant differences in antibody accessibility or neutralization potency between a situation in which sCD4 is added to virions and a situation in which virus is binding to cell surface CD4. In both contexts, it is likely that one or more CD4 molecules interacting with the oligomeric envelope glycoproteins, as well as the envelope glycoprotein variable loops, contribute to the steric exclusion of antibodies from gp120 regions destined for chemokine receptor interactions. In addition, in the interaction of virions with cells, the target cell membrane in which CD4 is anchored could contribute to impeding antibody access to the viral envelope glycoprotein surface. Following virus binding to CD4, the 17b and CG10 epitopes are likely to face the target cell membrane, since antibodies to these structures efficiently block chemokine receptor interaction (68, 73) . It is also noteworthy that in the neutralization experiments, subinhibiting concentrations of sCD4 allowed effective neutralization by the 17b and CG10 antibodies. This finding implies either that the binding of a subsaturating amount of sCD4 to the envelope glycoprotein oligomer induces multiple binding sites for the 17b and CG10 antibodies or that these antibodies are more effective at virus neutralization than is sCD4 for each molecule bound to the viral glycoproteins. Binding of a single antibody molecule to the region of the envelope glycoprotein spike facing the target cell membrane prior to interaction of the virus with the cell surface could explain this potency. Thus, while the chemokine receptor binding region of the HIV-1 envelope glycoproteins represent attractive targets, antibodies directed against this region may be most effective when accessing these sites prior to the time that virus attachment to the target cell occurs. There are considerable advantages for HIV-1 isolates that sequester the chemokine receptor interactive regions away from the humoral immune response until proximity to the target cell and the above-described steric factors allow exposure of these regions with impunity. Further studies may suggest a means to circumvent this viral strategy.
